Micro(mi)RNAs are small noncoding RNAs that regulate expression of the majority of the genes in the genome at either the messenger RNA (mRNA) level (by degrading mRNA) or the protein level (by blocking translation). miRNAs are thought to be components of vast regulatory networks. Currently, the field is focused primarily on identifying novel targets of individual miRNAs. This focus is about to undergo a dramatic change. In a new paper by Wu et al. (2010) it is experimentally confirmed that multiple miRNAs target the same gene, suggesting that it is the combination of all these activities that determines the expression of miRNA target genes. This study ushers in a new era of miRNA research that focuses on networks more than on individual connections between miRNA and strongly predicted targets.
Micro(mi)RNAs are small 19-22-nucleotide noncoding RNAs that regulate gene expression mostly by targeting the 3 0 untranslated region (3 0 UTR) of messenger RNAs (mRNAs), resulting in reduced translation of the protein or degradation of the mRNA. miRNAs are highly relevant in cancer formation and progression (Schickel et al., 2008) . Recently it was demonstrated that the majority of all human genes are under the control of miRNAs (Friedman et al., 2009) . miRNAs contain a short stretch of 6-8 nucleotides at their 5 0 end, complementary to the seed match in the target mRNA; the seed match is often conserved throughout evolution. The complementarity between a miRNA and the seed match in its target is accessible to computational analysis, and multiple algorithms have been developed to predict miRNA targets (Rajewsky, 2006; Watanabe et al., 2007) .
The field is growing exponentially, but a number of problems in miRNA research are emerging that need to be overcome in order to achieve a better understanding of the complex functions of miRNAs. Most investigators focus on the identification and validation of biologically important targets for miRNAs. Although it has been recognized and predicted before that genes can be targeted by multiple miRNAs (Krek et al., 2005; Lewis et al., 2005) , this problem has not been tackled experimentally. A new study in this issue by Wu et al. (2010) represents the first defined example wherein multiple miRNAs target the same gene.
CDKN1A (p21
) was selected as the target for analysis because of its fundamental role as a tumor suppressor in cancer. In addition, p21 had previously been shown to be targeted by miRNAs. Examples of miRNAs that were validated to target p21 are miR-20a/ b, miR-17, miR-93 and miR-106a/b (Ivanovska et al., 2008; Petrocca et al., 2008) . In order to confirm that p21 was indeed targeted by miRNA, Wu et al. generated 293T cells with knocked down Dicer1, conferring a global inability of these cells to process miRNAs. It was found that p21 protein was upregulated following Dicer1 knockdown, suggesting that p21 was under the control of miRNAs in these cells.
The authors determined that four of the most widely used miRNA target prediction algorithms (TargetScan, miRanda, PicTar and rna22) predicted widely differing sets of miRNAs that would putatively target p21. In fact, the aggregate of all four algorithms predicted 266 different miRNAs. In order to experimentally test which of these miRNAs actually targeted p21, Wu et al. designed a screen that allowed testing these miRNAs individually. 293T cells were generated that stably expressed a luciferase gene fused to the 3 0 UTR of p21. Cells were individually transfected with each of the 266 miRNAs and the level of suppression of luciferase activity, compared with cells expressing a luciferase construct lacking the 3 0 UTR of p21, was quantified. Of the 266 miRNAs, 28, which included each of the previously identified p21 targeting miRNAs, significantly suppressed luciferase activity in the presence of the p21 3 0 UTR. In a subsequent analysis it was determined which of these miRNAs suppressed both mRNA and translation and which ones acted solely at a translational level. This validation analysis then allowed the authors to go back and assess the performance of the four prediction algorithms. The two algorithms that heavily rely on species conservation of the seed matches (PicTar and TargetScan) performed the best. However, almost half of all validated miRNA target sites in the p21 3 0 UTR were not evolutionarily conserved, indicating that an exclusive focus on conserved sites will miss many important interactions. This finding is consistent with recent data showing that non-conserved sites can be as important, and can occur as frequently, as conserved sites (Grimson et al., 2007; Baek et al., 2008) .
Another open question that was addressed in this study relates to the existence of GU pairing between miRNAs and their target sites. The majority of prediction algorithms do not tolerate non-WatsonCrick seed pairing. This has caused an odd failure of the algorithms. Among the most widely studied miRNA targets are human RAS proteins, (H-ras, K-ras and N-ras) which have been reported to be targeted by let-7, each containing multiple seed matches (Johnson et al., 2005) . Although RAS has been validated as a let-7 target several times (Johnson et al., 2005; Kumar et al., 2007) , not a single seed match in H-ras or K-ras has been predicted by major prediction algorithms (that is, TargetScan) because all of these interactions include GU pairings (Johnson et al., 2005) . The study by Wu et al. demonstrates that GU pairings exist for half of the p21-targeting miRNAs, suggesting that they should be considered in target predictions.
Another finding from the study by Wu et al. relates to 46 miRNA genes on chromosome 19q13 that comprise the largest miRNA cluster in the human genome. Eight members of this cluster of miRNAs were found to target p21. It is likely that the combined activities of these miRNAs regulate the expression of p21 in cancer cells. These data point at a novel way of looking at miRNAs. It is not the one miRNA-one mRNA connection that should be studied-it is the combination of multiple miRNAs that target the same gene that should be considered, because it is this combination that determines whether the gene is expressed or not. The individual targeting for each of these miRNAs and its seed match may be weak, but the combination of multiple miRNAs targeting multiple seed matches in the same 3 0 UTR may have considerable biological significance. Unfortunately, none of the current methods is capable of identifying such complex connections. This represents an immediate challenge to the field that needs to be overcome if we are to understand the complex regulatory networks that miRNAs comprise. The study by Wu et al. highlights some of the shortcomings of the available miRNA target prediction algorithms, and also points to a number of open questions that could not be addressed owing to the design of this study:
(1) The majority of algorithms (that is, TargetScan, PicTar, Miranda) are based on the assumption that miRNAs bind to highly conserved seed matches in the 3 0 UTRs of targeted genes. This notion has resulted in a biased focus on the 3 0 UTR. The 3 0 UTR is the only region considered by most prediction algorithms. Furthermore, highly conserved seed matches in open reading frames (ORFs) are difficult to identify because of the inherent evolutionary conservation of coding exons. Nonetheless, a growing number of genes have been found to be targeted within the ORF rather than the 3 0 UTR (Forman et al., 2008; Tay et al., 2008) . In addition, it was recently pointed out that prediction algorithms utilize sequences from different databases, which contributes to discrepancies in predictions (Ritchie et al., 2009) .
(2) A recent analysis demonstrated that only 7 of 45 miRNAs predicted to target cyclin D1 did so in validation experiments (Jiang et al., 2009) . Given this low validation rate, it has become common practice to focus on targets that are predicted by multiple algorithms. Unfortunately, this, in all likelihood, leads to neglect of functionally important targets. In addition, a significant number of mRNAs associated with miRNAs in isolated RISC complexes do not contain a predicted seed match (Hammell et al., 2008; Chi et al., 2009) , suggesting that other mechanisms must exist that govern regulation of target genes by miRNAs. In part because of these problems, none of the existing algorithms are capable of predicting miRNA targets with high accuracy.
(3) Most of the studies that established the rules of miRNA targeting utilized either overexpression of mature miRNAs or inhibition of endogenous miRNAs (Grimson et al., 2007; Friedman et al., 2009) . To establish and validate targeting rules under such conditions, three major methods are being used: (1) Reporter constructs are being used with seed matches linked to a luciferase gene and these seed matches can be either mutated or placed at different positions in these artificial 3 0 UTRs. (2) Gene array analysis is being used to detect genes that are inversely regulated in cells with altered expression of miRNAs. (3) Proteomics analysis is being used to detect proteins that inversely correlate with altered miRNA expression. The changes in levels of endogenous miRNAs that mediate regulation of gene expression often occur over a narrow range of only 20-30% (Hobert, 2007) . All three methods are potentially misleading for the following reasons: (1) Overexpression of miRNAs usually results in elevation of miRNA levels in the 100-1000 fold range, which could cause multiple artifacts such as saturating available RISC complexes and preventing access of endogenous miRNAs (Khan et al., 2009) . (2) The capacity to inhibit endogenous miRNA levels is only as specific as the inhibitor being used. For example, this approach is almost impossible to use with let-7 because the let-7 family represents nine different active sequences and inhibitors may not have specificity that is broad enough to inhibit all family members, or may not be selective enough to inhibit individual members. (3) Target sites may be highly context-and tissue-dependent. Many predictions are based on experiments that involve expression of miRNAs outside their normal context (for example, expression of brain-specific miRNAs in HeLa cells). (4) Usually, both strands of a pri-miRNA are, at least to some extent, incorporated into RISC complexes, and this ratio may be altered with artificial miRNA mimics.
(4) Many miRNAs regulate fundamental differentiation processes affecting the expression of thousands of genes. Most methods to identify miRNA targets rely on the assumption that a significant number of targets among the negatively regulated genes or proteins will be detected by identifying a predicted seed match for the tested miRNA. Although targets were identified with statistical significance in many studies, in all studies the background of coregulated genes that did not contain such seed matches was high. It is also likely that some of the deregulated genes identified as having a seed match are not direct targets for the miRNA. The study by Wu has addressed the issue of multiple miRNAs targeting a single gene in a comprehensive manner. However, the study is limited by the fact that the design of the study only permitted detection of conventional seed matchbased targeting by miRNAs under conditions of overexpression of mature miRNAs.
(5) A recent study showed that the pre-miRNA might also have important functions. In particular, miRNAs that were viewed as highly related based on the primary sequence of the mature miRNA can have very different functions as a consequence of differences in the structure of the loop region of the pre-miRNA (Liu et al., 2008) . Almost all of the overexpression studies utilized the mature miRNA and may have missed important activities of pre-miRNAs. Furthermore, miRNAs are likely to cooperate or compete for binding to the mRNA, an effect that would be eliminated in most target reporter constructs.
(6) Not only do the activities of multiple miRNAs on a single gene need to be considered, but it has also become clear that the concept of the canonical activity of miRNAs as negative regulators needs to be reconsidered. miRNAs have been shown to promote translation, and in certain cases this activity does not require a canonical binding of an miRNA to a seed match. An example is miR-10a, which promotes protein translation by binding to the 5 0 UTRs of 5 0 TOP mRNAs (Orom et al., 2008) .
The identification of multiple miRNAs that target p21 in the study by Wu et al. is an important advancement and will help move us to the next level in our understanding of the network between miRNAs and their targets. However, it is widely accepted that miRNAs have multiple-sometimes hundreds-of targets. The main approach to studying connections between miRNAs and their targets has been to identify the most significant targets for each miRNA (Figure 1a) . The most widely used tool has been the use of miRNA target prediction algorithms. However, as the study by Wu et al. confirms, with their high false-positive rates, these algorithms can only be a guide.
Although multiple targets have emerged for many miRNAs (see MirBase (www.mirbase.org) or TarBase (http://diana.cslab.ece.ntua.gr/tarbase)), the obvious question of what is the effect of multiple miRNAs targeted to a single gene had not been tackled. The study by Wu et al. underscores the complexity of miRNA activity by showing that p21 can be targeted by 28 different miRNAs. Now it needs to be determined what is the number of miRNAs that functionally target the same mRNA on a genome-wide scale (Figure 1b )-an almost impossible task because the control of multiple mRNAs by multiple miRNAs will likely differ from tissue to tissue. However, the study by Wu et al. represents a first and important step toward achieving this goal. In addition, Wu et al. only looked at one miRNA at a time. In reality it may not make a difference whether an mRNA is targeted by one single miRNA with three predicted seed matches in its 3 0 UTR or by three different highly expressed miRNAs with only one seed match each. However, no tools are currently available to study or detect these combinations of miRNA targeting one mRNA, a situation that could be of significant biological importance. Only when such tools have been developed can we come to a more complete understanding of the nature of the regulatory network composed of miRNAs and their targets (Figure 1c) .
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